We present a fundamentally new type of space plasma spectrometer, the wide field of view plasma spectrometer, whose field of view is > 1.25π ster using fewer resources than traditional methods. The enabling component is analogous to a pinhole camera with an electrostatic energy-angle filter at the image plane. Particle energy-per-charge is selected with a tunable bias voltage applied to the filter plate relative to the pinhole aperture plate. For a given bias voltage, charged particles from different directions are focused by different angles to different locations. Particles with appropriate locations and angles can transit the filter plate and are measured using a microchannel plate detector with a position-sensitive anode. Full energy and angle coverage are obtained using a single high-voltage power supply, resulting in considerable resource savings and allowing measurements at fast timescales. We present laboratory prototype measurements and simulations demonstrating the instrument concept and discuss optimizations of the instrument design for application to space measurements.
Introduction
Space plasma environments such as the Earth's magnetosphere are tremendously complex, with large spatial domains that can evolve within seconds or minutes. Since the dawn of the space age, researchers have sought to measure and understand these plasmas, the bulk of which lie in an energy range of several eV up to several tens of keV with density from 0.01 to 100 ions or electrons per cubic centimeter.
Measurements of particles in this energy range have typically been obtained using a wide variety of electrostatic energy analyzer (ESA) instruments that select ions within a specific energy passband for subsequent detection. These ESAs utilize an electric field generated by applying a voltage to shaped electrodes, typically nested spherical or cylindrical plates, to measure particles as a function of direction and energy [e.g., Gosling et al., 1984; Young, 1998; Funsten and McComas, 1998 ]. Particles are typically detected using either a channel electron multiplier or microchannel plate (MCP) detector [e.g., Bame et al., 1978 Bame et al., , 1993 Hahn et al., 2003] . With appropriate sensor orientation on a spinning spacecraft, the spacecraft spin naturally provides 360°coverage about the spin axis. A "top hat" electrostatic analyzer [Carlson et al., 1983; Young et al., 1988] provides a circularly symmetric field of view, allowing measurement of a full particle distribution function in half a spin. On a three-axis stabilized spacecraft, additional electrostatic deflectors are required to cover the full range of phase space [e.g., Carlson et al., 2001; Young et al., 2007] . These detectors are typically symmetrically biased (one is positive, while the other is negative at the same voltage magnitude) using bipolar power supplies. Measurement time resolution is thus limited by the spacecraft spin rate and the high-voltage power supply stepping rate. In addition, significant high-voltage power supply resources (both power and mass) are required for these instruments, with stepping supplies required for both the ESA and deflector electrodes. More complex ESA designs have also been developed in recent years [e.g., Andrews et al., 2007] .
Despite years of plasma measurements in the few eV to tens of keV energy range covering multiple regions of space, numerous questions concerning the nature and dynamics of space plasmas remain unresolved. These include questions about the origin of solar wind dynamics and discontinuities, the energization of radiation belt electrons, the dynamic behavior of ring current ions and electrons in response to storms and substorms, and the sources and effects of wave-particle interactions. Breakthrough understanding of the underlying physical processes that drive the structure and dynamics of space plasmas requires faster, higher-accuracy plasma measurements, as discussed here for selected examples. with a higher time cadence than plasma measurements. Magnetic field measurements typically have a cadence of a fraction of a second compared with a plasma measurement cadence of several seconds or longer. Full understanding of the plasma processes involved in turbulent fluctuations will require understanding of both the velocity and magnetic field fluctuations on similar timescales [e.g., Hamba, 1992; Borovsky, 2012] .
Acceleration and loss of radiation belt electrons is thought to be due to wave-particle interactions, with the relevant waves generated by lower energy plasma particles [e.g., Summers et al., 2007; Reeves et al., 2009] . Plasma measurements on timescales appropriate for correlation with wave observations are thus critical for understanding the dynamic behavior of the radiation belts under various conditions. Plasma instruments have at times made relatively high-resolution measurements, for example, the "burst support" mode observations from the Van Allen Probes Helium Oxygen Proton Electron (HOPE) instruments [Funsten et al., 2013] . However, these measurements are still largely limited by the spacecraft spin rate, thus making it difficult to measure full plasma distributions with high cadence.
As an example, a recent study of chorus wave generation [Fu et al., 2014] used plasma electron measurements from the Van Allen Probes HOPE instrument to identify plasma conditions that may lead to chorus. However, the plasma measurement cadence precluded measurement of the presumably short-lived anisotropic distributions required for wave generation. Thus, while the plasma measurements provided a starting point for the simulations, Fu et al. [2014] were forced to assume larger anisotropies than measured in order to excite the whistler instability and produce chorus waves. Faster measurement of the full plasma distribution would allow more detailed examination of anisotropies, providing new insight into whether these distributions can lead to generation of chorus.
Reconnection signatures in the solar wind [e.g., Gosling et al., 2005 Gosling et al., , 2007 have been identified with widths down to the 3 s timescale possible with existing solar wind instrumentation [Lin et al., 1995] . Reconnection signatures in the magnetosphere, including flux transfer events [e.g., Le et al., 1999] and effects of plasmaspheric plumes [e.g., Walsh et al., 2014] , are similarly observed on short timescales. It is unlikely that reconnection timescales correspond to current measurement timescale limitations, and thus, faster cadence measurements would be invaluable for resolving questions about reconnection in space plasmas.
To address these limitations of current instrumentation, here we present a fundamentally new type of space plasma spectrometer with a wide field of view using fewer resources than traditional methods. The wide field of view plasma spectrometer (WPS) is essentially a pinhole camera with an electrostatic energy-angle filter at the image plane. An energy distribution is acquired in a single voltage sweep, while particles from all angles are measured simultaneously. This scheme allows acquisition of a distribution with a single stepped highvoltage power supply, thus minimizing required resources. The concept and operation are intrinsically simple and enable ultrafast (<0.1 s) measurement of plasma distribution functions to provide new understanding of the physical processes that drive the complex plasma dynamics in space.
Instrument Concept
The wide field of view plasma spectrometer simultaneously measures incident ion or electron energies (energy-per-charge E/q) and incident angles over a >1.25π ster field of view (FOV). This FOV is comparable in magnitude to that of a top hat ESA with deflector plates but is obtained in much less time and without the resources required to step electrostatic deflector plates over an appropriate range of elevation angles. Particles from directions covering a range of >1.25π ster enter the pinhole aperture and are subsequently measured in coupled energy-angle parameter space. Acquisition of a complete measurement over angle and energy is accomplished in a single voltage sweep without relying on spacecraft spin or additional deflection plates, thus enabling study of ultrafast dynamic processes of the solar wind or magnetospheric plasma environments.
The WPS spectrometer concept, shown schematically in Figure 1 , consists of two subsystems. The first, the energy-angle filter subsystem, consists of the combined entrance aperture and electrostatic energy-angle (EA) charged particle filter plate. The EA filter plate is biased such that particles of a specific combination of energy-per-charge (E/q) and incident angles α pass through each filter plate channel to the detector subsystem. The bias voltage is then stepped to sample the full coupled (α, E/q) parameter space. The second, the detector subsystem, consists of an MCP detector, which detects individual particles, with a position sensitive anode. For fast position measurements, we use a crossed delay line (XDL) anode. Both the EA filter plate and the detector subsystem have cylindrical symmetry, with the axis of symmetry passing through the pinhole aperture and the center of the filter plate. We describe each subsystem.
Energy-Angle (EA) Charged Particle Filter Subsystem
We use incident ions to illustrate the WPS concept, but with opposite polarity voltages, the concept applies equally to measurement of incident electrons. An ion with energy per charge E 0 /q enters the pinhole aperture at an elevation angle α relative to the symmetry axis and an azimuthal angle θ about the symmetry axis. It then encounters an electric field between the grounded pinhole aperture plate and the EA filter plate, which is biased to a voltage V F . Other instrument walls not shown in Figure 1 , for example, structure to prevent particle access other than through the pinhole, will also be grounded. In the figure, the bias V F is negative, for measurement of positive ions (green trajectory). The incoming ions are deflected by the electric field toward the filter plate and enter the filter plate at a distance r from the symmetry axis and at an angle β relative to the symmetry axis. The filter plate channel bias angle, b, as a function of r is chosen so that b = β. The critical, innovative idea underlying the WPS concept is that the angle β and location r of an ion at the entrance to the EA filter plate are a unique and exclusive function of the ion's incident angle α and energy per charge E 0 /q, and the electric field in the region between the aperture plate and the EA filter plate. This electric field is governed by the applied voltage V F and the geometry of the instrument surfaces. At each location on the EA filter plate entrance, there exists a unique correspondence between (α, E 0 /q) and (β, r). Thus, knowledge of the angle β and location r of an ion at the filter plate entrance, as well as the applied voltage V F , allows determination of the ion's incident angle α and energy E 0 /q. We note that the azimuthal angle θ of an incident ion is not influenced by the electric field, so that measurement of θ follows directly from the cylindrical symmetry of the instrument.
While a unique (α, E 0 /q) ↔ (β, r) correspondence exists at any location on the EA filter plate entrance, incident ions spanning a wide range of (α, E 0 /q) combinations can strike this location. The role of each EA filter plate channel is to select ions within a narrow range of (β, r), and thus a limited range of (α, E 0 /q), and reject all ions outside of this range. This is accomplished by restricting the range of β that can pass through the plate using a high aspect ratio channel that spans the entrance and exit surfaces of the EA filter plate. The filter plate (Figure 1 inset) has height h F and includes a series of channels of width w in a circularly symmetric pattern about the symmetry axis. The progression of β with r in the filter plate channels has been chosen so that for a given bias voltage V F particles with a given E 0 /q are measured simultaneously over the entire range of incoming angles α. While scattering, both of photons and particles, may be an issue for this relatively open design, channel construction using a series of stacked plates, as shown in the inset, can be optimized to minimize scattering, with care taken to also minimize crosstalk between channels. Work to date has used channels machined in a single piece of aluminum. The channels have a high aspect ratio (filter height h F Figure 1 . The WPS spectrometer concept, including the pinhole aperture plate, electrostatic energy-angle (EA) filter plate, microchannel plate (MCP) detector, and crossed delay line anode. Trajectories are shown for positive and negative particles in positive particle detection mode. The inset shows a schematic of a possible filter plate channel design.
Journal of Geophysical Research: Space Physics 10.1002/2016JA022581 to width w) and are machined at a bias angle b (relative to the symmetry axis) that is a function of their distance r from the symmetry axis. Importantly, the bias angle b must be sufficiently different from the angle arctan(r/h) that a straight line cannot pass cleanly through both the entrance aperture and a channel. This geometry prevents UV light (which follows straight trajectories and is not influenced by the electric field) from passing through the EA filter plate to the detector. This geometry also prevents much higher-energy ions and electrons that minimally deflect in the electric field from passing through to the detector.
At a particular applied voltage V F , an ion can successfully pass through the filter plate at distance r only if β = b, i.e., the particle has the correct α and E 0 , as for the green trajectory in Figure 1 . Note that in the ion detection configuration electrons are deflected in the opposite sense and cannot traverse any of the holes in the EA filter plate (purple trajectory in Figure 1 ). The trajectory of a charged particle is fixed in terms of a dimensionless energy ε = E 0 /(qV F ), where q is the electron charge, and radial position ρ = r/h, where h is the distance from the pinhole plate to the filter plate, yielding two governing equations:
Equations (1) and (2) are derived from first-principles determination of the trajectory of a charged particle in the uniform electric field between the pinhole plate and the EA filter plate. The charged particle trajectories are fully described by these equations for a given h and V F . The desired range of incoming energy-per-charge (E 0 /q) is covered by stepping through V F so that ε remains constant, as does the geometry of the trajectories. Thus, the sensor resolution as a function of α and ε is constant over the entire energy range. Because of the unique (α, E 0 /q) ↔ (β, r) correspondence, it follows that a unique correspondence (Δα/α, Δ(E 0 /q)/ (E 0 /q)) ↔ (Δβ/β, Δr/r) in resolution is likewise obtained, which again depends on the specific geometry of this subsystem. Both the energy and angle resolutions are determined by the aspect ratio of the filter channels and the diameter of the entrance aperture. For fixed channel widths, energy and angle resolution vary with distance r from the symmetry axis. We can compensate for this variation of energy and angular resolution by varying the channel width across the plate, with wider channels farther from the symmetry axis. In practice, optimization of the energy-angle filter geometry to attain uniform angular and energy response, a sufficiently wide energy range, uniform sensitivity, and sufficient UV and high-energy particle attenuation is considerably more complex than suggested by equations (1) and (2), and detailed ray tracing is required.
Detector Subsystem
Because the filter plate restricts passage of ions to specific values of β(r), we need only measure the position at which an ion exits the filter plate to reconstruct (α, E 0 /q) from β(r). We use an MCP detector, located immediately behind the EA filter plate, with a crossed delay line (XDL) anode [Siegmund et al., 2006] , based on its ability to measure events at high count rates and with high spatial resolution. Based on previous observations in both the solar wind and the magnetosphere [e.g., McComas et al., 1998; Funsten et al., 2013] , plasma spectrometers such as WPS require a maximum particle count rate of~10 5 s À1 (i.e., detector speed of <100 ns per event to prevent pulse pile up) and angular resolution of <10°, corresponding to 0.5 cm spatial resolution on a 10 cm diameter MCP. An ion strikes the front of the MCP detector and generates a spatially localized secondary electron avalanche that exits the MCP and strikes the XDL anode, which is formed by two orthogonal serpentine conductors. The electron avalanche exiting the MCP detector deposits a charge pulse at some location on the conductors, and the time needed for this charge to propagate and reach the two ends of each axis of the serpentine conductors depends on the initial location of the deposited charge. By calculating the time difference of the charge pulses to travel along each axis, the position of the incident ion is determined.
The performance of current MCP detectors with XDL anodes far exceeds the WPS requirements. For photon detection (in which a photocathode is mounted in front of the MCP detector), an MCP-XDL detector typically operates at >10 6 s À1 with timing accuracy of~0.1 ns full width at half maximum (FWHM) and spatial resolution of~35 μm FWHM. Because WPS requires lower spatial and temporal resolution, the position and timing electronics can be simplified, and the instrument resources can be reduced. In addition to their use on terrestrial platforms, MCP-based, delay-line-anode detectors have extensive heritage in space-based instruments for the photon detection, including FUSE [Siegmund et al., 1997] , GALEX [Siegmund et al., 1999] 
Instrument Development
The WPS prototype was developed and optimized through a combination of simulations and laboratory measurements. Laboratory measurements were used to validate the simulation model, and simulations enabled rapid exploration of design trade-offs and sensitivity analysis of parameters that cannot be easily measured.
Instrument Simulation
WPS instrument electrooptic design and characterization were performed using the SIMION [Dahl, 2000] software package. The cylindrical symmetry of the instrument allowed simulations to be performed in 2.5-D mode, in which a model is constructed in two dimensions and then rotated about the symmetry axis within SIMION to allow examination of the 3-D instrument response. Figure 2 shows an example of the simulation geometry from SIMION, with the pinhole aperture plate to the right and an EA filter plate with 29 channels to the left. The instrument symmetry axis, shown as the red line at the bottom of the figure, passes through the center of the pinhole aperture. For this example, the EA filter plate height h F = 1.5 cm, the pinhole aperture to filter plate distance h = 5 cm, and the pinhole aperture diameter is 0.6 mm. To provide relatively uniform response across the instrument, the channel width w varies with distance from the symmetry axis from 0.7 to 2 mm. The β angle for each channel as a function of radial position r as determined by equations (1) and (2) is shown by the blue curve in Figure 3 . For this geometry, ε = 2, i.e., V F = À5 kV for singly charged ions with E 0 = 10 keV. Simulations were performed with resolution of 0.05 mm per grid unit. Protons were uniformly input across the pinhole aperture over a selected range of incident angles α and energies E 0 .
Figure 3 also shows results of a Monte
Carlo simulation using this model with V F = À5 kV and protons input across the full pinhole aperture with randomly assigned incident angles α = 15-75°a nd energies E 0 = 4-30 keV. For this geometry, the black curve shows the resulting peak incident angles as determined from equations (1) and (2). The red points show the peak incident angle obtained from the simulation for each channel, with representative distribution widths in incident angle α shown for the first and last channels. The angular distribution for a typical channel is shown in Figure 4 and is discussed further below. The simulated and calculated angles are in good agreement, showing that equations (1) and (2) can be used for prototype design and to assess parameter trade-offs. Equations (1) and (2) assume that the pinhole (1) and (2), from a Monte Carlo simulation of the WPS instrument shown in Figure 2 (red diamonds) , and measured by a prototype instrument in the laboratory (light blue stars). Sample widths of the incident angle α distribution from the simulation are shown as the red error bars for the first and last points.
Journal of Geophysical Research: Space Physics 10.1002/2016JA022581 aperture and channel widths are negligibly small; in practice, instrument performance is a function of these dimensions, as indicated by the small differences between the analytically predicted α angles and those obtained from the simulation. Additionally, the simulations include second-order effects such as fringe fields that are not accounted for in the analytic calculations. Figure 4 shows the distribution of protons from the Monte Carlo simulation that successfully traversed the filter plate model shown in Figure 2 through a single channel of width w = 1.6 mm and angle β = 37.2°located at a distance r = 4.5 cm from the axis of symmetry (ρ = 0.9). Figure 4 (left) shows the incident angle α and energy E 0 for ions which successfully transit this channel, where each data point represents one incident ion. This panel demonstrates the correspondence between α and E 0 . Figure 4 (middle and right) are histograms as a function of incident angle α and energy E 0 , respectively. The angular distribution is peaked at α = 46.5°and E 0 = 10 keV. Again, V F = À5 kV for this simulation. Because electrooptics scale linearly, these results can be identically applied to other energies by adjusting V F . For this case, E 0 ranged from 4 to 30 keV. It is clear that a small fraction of ions with energy significantly greater than 10 keV have access to the detector through this channel. Such high-energy particle access to the detector can lead to apparent skewing of the angular distribution, through the (α, E 0 /q) coupling. We note, however, that individual ions (as in Figure 4 , left) follow the (α, E 0 /q) correspondence given by equations (1) and (2). This correspondence is shown by the red curve in Figure 4 (left) for the ideal case of ρ = 0.9 and β = 37.2°. Deviations from this ideal case are due to the finite width of the channel, which admits particles over a broader range of positions and angles.
Prototype Results
To validate the simulation model and demonstrate the instrument concept, we performed laboratory measurements using simplified prototype instruments. Figure 5 shows a 3-D computer-aided drafting (CAD) drawing of a prototype EA filter plate with cylindrically symmetric slits covering a limited range of azimuthal angle. This configuration allowed examination of the EA filter plate performance over a limited range of azimuthal angles, which is sufficient given the cylindrical symmetry of the full instrument. The four channels in this prototype, for detection of particles at four different entrance angles, were fabricated using wire electric discharge machining (EDM) in a single piece of metal. As in the simulations, the EA filter plate height h f = 1.5 cm. The channel width varied with distance from the symmetry axis in the same manner as shown in Figure 2 simulation model. A 0.1 mm thick aperture plate with a 0.6 mm diameter pinhole was located h = 5 cm above the EA filter plate. A laboratory imaging MCP detector was used. While this MCP is too small to cover the angular range of a full WPS instrument, it was suitable for the initial prototype testing over a limited range of incident ion angles. The prototype model was installed in a vacuum chamber for testing with an ion beam. This facility uses an ion accelerator to produce collimated singly charged ion beams at energies from 0.3 to 60 keV/q with energy resolution ΔE < 2 eV [Funsten et al., 2013] .
Prototype and simulation results show good agreement with each other and with the analytic predictions of equations (1) and (2), with transmitted ions observed over the expected ranges of energy E 0 and incoming angle α for each channel. The light blue points in Figure 3 show the resulting peak incoming angles for three of the channels from this model, run under the same conditions as the simulations, with V F = À5 kV. Figure 6 shows a comparison of the energy response from laboratory measurements (solid lines) and simulations (dashed lines) for the same three channels, located at distances r = 3.7, 4.5, and 5.2 cm from the pinhole axis. Note that measurements at 79 keV were obtained by reducing both the beam energy and the filter plate voltage to give measurements at the normalized energy ε = E 0 /(qV F ) corresponding to E 0 = 79 keV and V F = À5 kV. Such proxy measurements are valid because the electrostatic fields are only a function of ε. We also verified this relationship through measurements at a given ε using a range of E 0 and V F values. Repeated laboratory measurements showed fluctuations in these curves of <10%. Although minor differences are observed, the peak energy and width of the distribution in energy show good agreement for all three channels. The fourth prototype instrument channel was located very near the instrument symmetry axis and thus showed significant contamination by high-energy particles.
Optimization
The measurements presented above generally validate the ability of the SIMION simulations to predict the performance of the EA filter plate. However, the specific performance parameters of the instrument design shown in Figures 2 and 5 are not adequate for most scientific measurements in space. Figures 7 and 8 (black lines) show simulation results giving the full angle and energy resolution, respectively, for this geometry across the full EA filter plate. These simulations were run with V F = À5 kV and an incoming proton energy range of 4-30 keV. While the variable channel widths used in the above measurements and simulations do provide relatively consistent energy and angle resolution, both ΔE/E (~2.5) and Δα/α (~0.25) are larger than desirable and larger than is typically desirable for a plasma instrument. To address this issue, we examined the effect of channels with a larger aspect ratio h F /w (narrower channels). Figure 9 shows histograms of ions that successfully traverse the filter plate from simulation of a channel located at r = 4.5 cm (as in Figure 4 ) with channel angle β = 37.2°, but with channel width w = 0.5 mm. Again, V F = À5 kV and ε = 2, and incoming proton energies ranged from 4 to 30 keV. The angular distribution is peaked at α ≈ 47°and E = 10 keV. The narrow channel far more successfully blocks direct access of high-energy ions, leading to much improved resolution in both energy and angle. The red curve in Figure 9 (left) again shows the (α, E 0 /q) relationship for the ideal case of ρ = 0.9 and β = 37.2°. The smaller channel width admits particles over a narrower range of r and β values, leading to much closer agreement with the ideal case than for a broader channel (as shown in Figure 4 ).
Figures 7 and 8 also show the angle and energy resolution across the filter plate for channels with 0.5 mm width (blue) and 0.25 mm width (red). Again, the values shown are the full energy resolution of the instrument; the often cited full width at half maximum (FWHM) resolution in each case is lower than the values shown by a factor of~2.5. It is clear that reduction of the channel width (for constant EA filter plate thickness h f ) can lead to an instrument performance with resolution comparable to that of existing state-of-the-art plasma instruments. For application in a specific region of space, some combination of narrow channels and channel width varying with distance r could be used to provide an optimum combination of instrument resolution and uniform response in energy and angle.
An additional four-channel prototype model was constructed with narrower channels (~0.5 mm width) in the same locations; measurements (not shown) also agree with simulation results. This prototype was also constructed using wire EDM manufacturing, allowing us to explore the capabilities of this technique for fabrication of very small features. Channels with width of 0.5 mm were easily obtained, and we anticipate that smaller features should be achievable with minimal advances in technology development. Smaller channels could also be achieved through fabrication using thin etched plates, as in Figure 1 inset.
From Monte Carlo simulations, the geometric factor for the original configuration with 29 variable width channels was found to be 0.02 cm 2 sr eV/eV (for derivation of geometric factors, see, for example, Collinson et al. [2012] and Bedington et al. [2015] ). Reducing the channel width of course also leads to a reduction in the geometric factor; however, this effect can be mitigated by increasing the density of channels as the channel width is reduced. We find Journal of Geophysical Research: Space Physics 10.1002/2016JA022581 that when the channel width is uniformly reduced to 0.5 mm, we can increase the number of channels from 29 to 57, leading to a drop in the geometric factor of only a factor of 3. The reduction in geometric factor could be further minimized by implementation of variable channel widths with distance r, optimized for a specific application.
In additional optimization, we find that a significant reduction in the voltage V F required to measure particles of a given energy (i.e., an increase in the analyzer constant k = E 0 /V F ) is obtained by tailoring the geometries of the pinhole aperture plate and EA filter plate. The addition of a dome or cone centered on the axis of symmetry on the EA filter plate leads to increased electric field magnitude near the entrance aperture and to an additional radial component of the field configuration and thus to increased deflection of particles entering the pinhole. The effect is strongest for particles with small incident angle α. A dome-shaped pinhole aperture plate similarly increases the electric field between the pinhole aperture and EA filter plates, leading to additional increase in the analyzer constant. Figure 10 shows an example of this geometry, including both a cone and shaped pinhole aperture plate. An important advantage of this design is that the energy resolution is improved for EA filter plate channels near the symmetry axis, which pass a substantial high-energy tail in the absence of the added radial electric field component.
The energy response for different configurations of the instrument for V F = À5 kV is shown in Figure 11 for a 0.5 mm width channel located at r = 4.4 cm with β = 36.7°. Results from the SIMION model are given by solid lines, while laboratory measurements are given by dashed lines. . Including just a central cone raises E 0 from 10 keV to 19 keV (blue lines), while including both the cone and shaped pinhole aperture plate as shown in Figure 10 raises E 0 to 40 keV (red lines). This gives an analyzer constant k of~8, comparable to that of, for example, the Van Allen Probes HOPE instrument [Funsten et al., 2013] , allowing plasma measurements at energies up to 50 keV with a single stepped 6250 V high-voltage power supply.. The FWHM energy resolution ΔE/E is the same for all three cases,~0.3. The incident angle α response for the three cases is given in Figure 12 for the simulation results only, as laboratory measurements were not collected in this configuration. The value of α at the peak energy was the same for both the measured and simulated cases. The incoming angle was strongly dependent on the configuration of the electrodes, varying from~46.5°for the narrow channel with the original geometry to~53.5°with the addition of the cone then dropping to~48.5°with both the cone and the shaped pinhole plate. This experiment demonstrates that the energy and angle ranges of the instrument can be optimized for a specific application through appropriate selection of β values as a function of distance r, as well as by shaping of the electrodes.
Summary and Discussion
The WPS instrument presents a new method for measuring plasma distributions in space. This concept provides simultaneous measurement over a wide field of view (>1.25π ster), even on a nonspinning spacecraft, allowing measurement of a plasma distribution with a single, stepped high-voltage power supply. We have demonstrated the instrument concept and have shown that acceptable angle and energy resolution and voltage requirements can be obtained through appropriate EA filter plate channel design and electrode shaping. Because the instrument simultaneously views a broad range of directions, alignment on the spacecraft is not critical, simplifying integration onto a given platform. The unique WPS design enables a dramatic reduction of resources compared to current electrostatic analyzer designs, in particular, due to the greatly reduced high-voltage power supply requirements. The WPS instrument can be optimized to provide robust plasma measurements for multiple applications in various regions of space, in particular, on three-axis stabilized spacecraft, including smallsats and cubesats.
The prototype models tested were fabricated from aluminum, with channels machined using wire electric discharge machining. This technique was able to produce narrow channels (0.5 mm width). Channels could also be Journal of Geophysical Research: Space Physics 10.1002/2016JA022581 fabricated by additive techniques, a technology that is rapidly advancing to include the possibility of additive manufacturing using conductive materials [e.g., Czyzewski et al., 2009; Leigh et al., 2012] .
Scattering of particles within the channels can be minimized with channel fabrication using thin etched plates stacked between spacers, as shown in Figure 1 inset. The etched plates feature extremely sharp edges, thus exposing only minimal area that can scatter particles. Such a design has been implemented in the ACE Solar Energetic Particle Ionic Charge Analyzer [Möbius et al., 1998 ], Interstellar Boundary Explorer (IBEX)-Lo [Fuselier et al., 2009] , and IBEX-Hi [Funsten et al., 2009] sensors.
